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An Evaluation of Overload Retardation Behavior and Overload
Retardation Models of Ti-6Al-4V Sheet Titanium Alloy

Gu Mingda, Zhang Yongkui and Yan Minggao
Abstract

This paper focuses research on overload retardation
behavior under different overload ratios and different crack
lengths through overload tests of a Ti-6Al-4V titanium alloy.
It also discusses the effects of some major factors on retard-
ation behavior. Retardation behavior is considered to be the
result of cyclic loads. It is suggested that the retardation
process can be divided into five stages. From an analysis of
the modes of crack growth and other factors, the overloading
process of fatigue crack growth in these tests is regarded as
mainly in a plane strain coridltion or a mixed mode in which the
plane strain occurs predominantly. Thus, at a given overload
ratio le} the number of delay cycles ﬁ‘ caused by overload
increases with the 'decrease of ovnrlond level K,, under plane
strain comditions.

In this paper, the Whesler, Willenborg, Matsuocka and
Maarse models were selected in view of applications and overall
comparisons and discussions were carried out regarding the des~-
cribing capacity and application conditions of each model on

retardation behavior. The Matsuoka modsl, based on the closure

effect, was found to be in relatively good agresment with the
test results. It was also discoversd that the delay effect
sones assumed in the caloslastion of each model were considerably
smaller than the astually ssasursd overlced delay sffect zones.

I. ¥Prefece
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varying loads, especially the interaction between the retarda-
tion behavior of the crack growth rate caused by overlosding
and the cyclic loads in the load time course. That is, the
method of combining and considering the overload retardation
models on the basis of the successive accumulation method in
order to predict the fatigue crack growth life under varying
amplitudes. Many researchers have studied the factors affect-
ing retardation behavior from different angles. A large
amount of test research has shown that retardation behavior not
only depends on the overload conditions themselves but is also
closely related to the fatigue failure caused by the locad
course before overloading. In short, retardation behavior
should be the result of the interaction between the cyclic
loads. It is a very complex phencmsnon and to date the mech-
anism of retardation is still not clear. Further, the gquantita-~
tive analysis of certain factors as well as their measurement
is still difficult. '

However, in order to explain the retardation behavior of
overload and load sequence on crack growth, we successively
proposed many retardation mechanisms and models and attempted
to establish theoretical or wuieal overlosd retardation

‘models in order to provide an. cﬁmiw method to calculate the
fatigue crack growth life mm- mym saplitudes in engin-

eezing.

This paper begins fmm pﬁm m view o£




NApE————

P— vt

physical concept. It is zarely used now but is being devel-
oped. For this reasea, we alscussed the retardation phencmena
and factors for the overlead tosts of Ti-6Al-4V alloy sheets.
¥We also carried out overall compariscas and evaluations of the
describing capacity and application conditions etc. of the -
above mentioned models on the retardation phenomena.

II. Materials and Experimental Procedure
The .material used in the experiments was a Ti-6Al-4V ailoy

annealed sheet (thickness is 2.0mm). Its main chemical compos-
ition and mechanical properties are listed in Table 1.
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Table 1 c:uical oonpuuition (\night %) and .uem:i.cal proper-
ties.

The test uuple i.o t'.ht mnl pmmtioa crack type
(CCT) of a Iouyitﬂm; Jaipling. :u dissnsions are
300x100x2mm and its mu-p. m m atter xmm
fatigus cmut is 2» -zm .
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carried out at room temperature and the relative humidity was
less than 60%.

See reference [1l1] for the explanations of the basic prin-
-eiples, calculation formulas and computer programs of related
models.

IlI. Test Results and Discussion

Constant amplitude usti were carried out according to the
ASTM E647-78T. The test data was processed based on reference
[12] and the processing :unltl are liﬂ:od in Tabl.e 2.
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'!abu 2 Data processing results of Ti-6A1-4V sheet constan:
amplitude tests

¥ . : Key: (1) uttiaq fm: (2) luur.tn's coastant;
(3) Bumber of m«;,- ctcne!u which grow from
20mm to G64mm; (4) Caloulated value; (S) Average
: measured value; (6)* In the table, S is gthe sum of
’ ' partial diffexence squares of the G fitting value
' ‘ and m neasured w caloulste avalu.‘ VP is the
S §3 it ts mvoycle; the 4 and K_ units are
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Fig. 1 a-¥ test curves under different Qol’

3.1 Description of Overload Models i.nFRelation to
Retardation Phenomena

In evaluating overload retardation models, we first
analyze whether or not the model can appropriately describe and {
] explain the retardation behavior as well as whether or not it

¢ grasps the major factors influencing retardation behavior.
Figure 2 gives the overload retardation properties of titanium
alloy vhen single tensile overload ratio Q -2 0: da/dN-a and
a-N test c\n'vc; at the same time, it givu thc calculation

r curve co:umaunw to the model.

The rcuzdaetou process sm an tho test cu:v: in H.qurc 2
is divided into five saqu. '
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Fig. 2 Overload retardation properties of Ti-6Al1-4V sheet
in fatigue crack growth.

1) Crac? gfouth acc.lcration stage of overload point
(a) [13}; :

2) Hysteresis stage of ov'rlocd retardation (B);
3) Maximum retardation point of overload (C);

4) Weakened stage of overload retardation (D);
S) Basic loss stage of overload retardation (E).

Note: the boundary line of stages (D) and (E) is the over-
load's monotohe plane stress plastic zone boundary, that is

% ()

It can clearly be seen from Figure 2 that the Wheeler and
Willenborg models which use the crack point's residual stress
as the basis immedistely reach the maximum retardation point
just after overlosd. However, they do not show the hysteresis
stage of retardation but *@‘,Qﬂ‘timy enter into the weskensd

‘ Mﬁmmmmmmu
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retardation point of da/dm ¢ 10 nfmm causes the calcul-
atéd life to be too large snd theze is slready no referesnce
value. Ia short, their Wty to describe retardation is
quite poor. mm:in&gr g, the um and Maarse
models which use the crack cloaure ¢ffect as the basis can very
‘well describe and ex n the satire retardation process.

Mong the tvo, the X x.'ma.inmumomwmust

m mtmrising area
- is the result of their
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Figure 4 gives the a-N test curve under many single
tensile overloads (001’1-8) as well as the entire calculation

}_ curve of each model. . \
i |

4 I, 5
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Fig. 4 a-N curve of many single tensile overloads (001-1.8).

Figure 4 aléo gives the measured value Ne of the number of
cycles required for crack growth to grow from 2a=22mm to 70mm
as well as the corresponding estimated value N al of the re-

y tardation model. It can be seen that not only is the Wheeler
model able to regulate retardation index m(m=1.62) and obtain
satisfactory results with its relative errors being ~1.46% but |
; Matsv~“a's model also cbtained satisfactory results with rela-
m+ ‘ tive errors of ~1.40%. The errors of Maarse's model were
-10.25%; the errors of the Willenborg model, based on the cal-
culation of plane stress and plane strnin, were separately

e . 4‘27 98‘ &tﬂ -‘ 019‘.

rigure 3 gives tht‘lD o£ single tensile overload. We can
. . ' see¢ by comparing the calculation:tccqlts‘ot Figs. 3 and 4
| that the errors of the estimations of single point N, are
Iu:qcr than those of the estimations of the entire life.

;T, It can be ssen 2!0ﬂkfiﬂih ko 3 and:i that foliowding. ‘ghe
' ‘ - increases of Q. ., W, dorrespondingly has noticeable increases.
mum«uammm.wmmnum
\ . ‘:,: . 7




be discussed here.

Figure 3(b) does not list the calculation results of the
Willenborg model because it loses effectiveness when Qol'? 2.

These tests also measured the overload ratio without re-
tardation of this titanium sheet under R=0.1l conditions to be
1.3 and the overload ratio without crack growth to be 2.8 (see
Fig. 1). As regards this point, only Matsuoka's model was
able to suppiy estimations and the results of estimations using .
this model are separately 1.40 and 2.66. Its results are still
considered satisfactory.

3.3 Relationship of Crack Growth Mode'and N,

Test results prove that under given Q°1 conditions, ND
gradually decreases with the changes of Kol from small to large.
Following this, it is basically stable or there is a slight
increase (Fig. 3). This phenomenon is identical to the 2024-T3
overload test results given in reference [15].

In order to distinguish the growth mbde, we carry out

verification for the maximum K°1-69MPaqfﬁ'point when‘Qolsz.o,

- try--— -
ve/Bmg (B2l ) /Bm0.ater 4 (BARMAE),

¢

3 B fem (2K g qom
- (2) E.v./t-f.;-( 3 o; ) 3 /a=0.0021%0.01,

Key: (1) B is the thickness of the test
sample; (2) And.

According to reference [16]. it stiguld be plane strain,
that is, the crack growth is the tensile mode. This can be
proven from the fracture of the test sample (Pig. 5, see Plate
13): aside from the static tearing and instantaneous breaking
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caused by the overload itself on the fracture of the test
sample, the entire crack growth surface (including the over-
load delay effect area) has typical plain strain fatigue ;
fractures or only a very small part is a little sheared. There- f
fore, it is considered that this test belongs to the crack P
growth of the plane strain mode. P
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The influence of the crack growth mode on M, reflects the
influence of overload level Kol on N,. Thc dependeént relation- }
ship of ND on xol can be indirectly analyzed from the following g
formula:

W (P da :
Ni={ e R . '

P 7 g it e

e et

WPeS

In the formula, UD is the tctardation\ccofficiont. Under the
given conditions of Qol and R, the above formula can be roughly
explained as follows: on the one hand, ND' increases with AK
and the assumed negative index relationship decreases sharply;

on the other hand, ND* also gradually increases with the in-
Creases of @y Therefore, the relationship of ND' and Kol are
similar as shown by the s0lid line in Pig. 6. When xol is
relatively small, it is the stress condition of the plane strain.
It cah be.seen ‘that under pline strain conditions, ltD* increases
with the decrease of X ol.
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Fig. 5 (Plate 13) Front view (a) and macroscopic fracture
pidture (b) of test sample with single tensile overload
’ (Q,;°2.0) five times.
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Fig. 6 Schematic diagram of the relationship between ND* and
K ol ‘with given Q o1°

Actually, under the conditions of these tests, the changes
of K,, were in essence the changes of the crack growth. This
is to say that the crack growth and crack growth type are in
the same way factors which influence retardation behavior.

3.4 Relationship of Yp , dDD and Retardation Behavior

It is generally known that the size of overload plastic
area dimension Yp is. closely related to retardation behavior.
Yet, at present, the calculation formulas used for Yp are only
divided into the two extreme situations of plane stress and
plane strain which are not sufficiently rational. On the other
hand, growing fatigue cracks are still processed according to
the concept of plane strain and plane stress in fracture tough-
uess which is also not very appropriate. After a large amount
of test ¢bservations, we not only consider that the growth pro-
cess of fatigue cracking should primarily usc‘plann strain but
turthoriorc, after the discussion in the above section, we also
believe that the overload process in these tests should in the
same way be plane strain or a mixed mode primarily of plane
strain. Por this reason, using the Willenborg model listed in
Fig. 4, the errors msasured according to plane strain were far
smaller than those calculated according to plaao stress which
well proves this ’oint.

11




For the Matsuoka model, it was considered even more
rational to introduce the cycle loading characteristics into
the plastic zone of the opposite direction [16,171.

. n
. Qu=t.g Kar Moo

[ S

—————— e —— . .

Fig. 7. Relationsliip of delay effect ‘zone dimensions @,
and X
1 .

Key: (1) Test value.

Pigure 7 gives the relationship of crack grovth‘borand Kol
which have been éffected by retardation. It can be seen from
Fig. 7 that ﬁb correspondingly increases with the increases of
xol' After comparisons, it can be seen that the calculation
value UD of each model is far smaller than the measured value
(about 1/2-1/15 of the measured value). Moreover, the larger
K,, (i.e. the larger the crack length) . the ;.a'r.:g.: the differ-
ence value with the tests. The production of this difference
value is on the one hand related to the formula of the model
selected to calculate the plastic sone dimensions; on the other
hand (which is an even more important reason), it is created by
each model limiting the delay o!tnt zona in the monotone
plastic zone caused by a corresponding overload. llnmauy.
this does not accord with test results.

Test value @, is larger than calculated value §P of the
overlosd's plastic sone dimsnsions. This also explains the con-
trol action of the crack closure effects in the retardatica's

——— o ———— e o




bagsic loss stage (E). This can be explained from Fig. 2.

The five crescent moon shaped darkened crack delay growth
zones are "a flight of steps” formed from the direct breaking
damage of the crack tip material caused by the overload itself
and the delay effect zone: after the crack edge and crack sur-
face grow a very small distance in the 45° direction after:
overload, they then gradually reverse to the direction parallel
to the original crack surface and continue to grow until a
growth speed of a constant load is restored. It can also be
seen from the figure that the width of this zone increases with
the increase of the crack length and moreover the leading edge
is even more protruding. In Fig. 5(a), the turning point of
the crack growth direction changing and returning for the
four times and five times overload effect zone is very clear.

Naturally, the protruding and restoring of the leading edge
of the crack after overload, especially the turning and reversal
of the crack growth direction, -influence retardation behavior. -
However, four models do not involve this factor.

To sum up, we consider that to study retardation behavior
it is not only necessary to consider the overload conditions
themselves such as overload ratio, overload number etc. but it
is also necessary to comaidcg'atho: important factors such as
the closure stress (including the two sections of closure
stress of the crack and crack tip which pass into and throygh
the overload plastic zone), the crack tip's residual stress,
the crack tip's passivation and spa:pcninq, the crack tip's

local strain hardening, the change and reversal of the crack

tip'é direction, the leading edge of the crack becoming "bow

shaped” and the transfarmation of the crack growth mode etc.

These factors are all the result of crack point surrounding

plastic deformation caused by overloading. Among these,

closure behavior brings about "long range” effects for each
' ' 13
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stage in the entire retardation process and thus it is p:i-
sently being given serious attention.

Furthermore, the overload's environmental factors and
overload's cycle stress ratio (including the negative value) are
major factors affecting retardation bebavior. Not all ef the
above mentioned models were considered and thus we must await
further work.

'IV. Conclusions

1. Tests proved that the overload retardation process can
be divided into five stages and that retardation behavior is
the result of the interaction between cycle loads. The changes
of the crack qrowth direction and protrusion of the leading
edge of the crack can affect retardation behavior.

2. The overloading process of these tests are plane
strain or mixed mode which predominantly use plane strain. Under
plane strain conditions, the retardation cycle number N, cor-
respondingly increases with the decrease of overload level x°1
for a given Qol nJ.uc.'

3. The results of estimating crack growth life of four
retardation models with many single tensile overloads are still
considered satisfactory. However, because each model limits
the delay effect zone in the overload monotone plastic sone,
the delay effect zone dimensions calculated for each model are
much smaller than the test values.

4. The Wheeler and Willenborg.models are rolativoly
lacking in their ability to describe retardation phenomena. The
expression of the former is simple and its applicability is
strong yet it sust measure the retardation index; the latter is
simple and convenient yet loses effectiveness when on) 2.

S. The crack closure behavior plays the most important
role in the entire retardation process. Thus, the ability of
mummwumcaumamm
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relatively good for describing retardation phenomena. Among
them, the Matsuoka model is even closer to the test conditious.
However, the effects of both of these on complex lcad spectrum
“still await further research. |

A great deal of assistance was rendered by wu Dejun,
thang Shijie, Lu Huizhong, He Xiaoche and Ouyang Jie as well as
‘ comrades of the Room 16 Computer Group during the research g
[ process. We would like to thank them hers.
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